Sex chromosomes are disproportionately involved in reproductive isolation and adaptation. In support of such a 'large-28 X' effect, genome scans between recently diverged populations or species pairs often identify distinct patterns of 29 divergence on the sex chromosome compared to autosomes. When measures of divergence between populations are 30 higher on the sex chromosome compared to autosomes, such patterns could be interpreted as evidence for faster 31 divergence on the sex chromosome, i.e. 'faster-X', or barriers to gene flow on the sex chromosome. However, 32 demographic changes can strongly skew divergence estimates and are not always taken into consideration. We used 33 224 whole genome sequences representing 36 populations from two Heliconius butterfly clades (H. erato and H. 34 melpomene) to explore patterns of Z chromosome divergence. We show that increased divergence compared to 35 equilibrium expectations can in many cases be explained by demographic change. Among Heliconius erato 36 populations, for instance, population size increase in the ancestral population can explain increased absolute divergence 37 measures on the Z chromosome compared to the autosomes, as a result of increased ancestral Z chromosome genetic 38 diversity. Nonetheless, we do identify increased divergence on the Z chromosome relative to the autosomes in 39 parapatric or sympatric species comparisons that imply post-zygotic reproductive barriers. Using simulations, we show 40 that this is consistent with reduced gene flow on the Z chromosome, perhaps due to greater accumulation of species 41 incompatibilities. Our work demonstrates the importance of constructing an appropriate demographic null model in 42 order to interpret patterns of divergence on the Z chromosome, but nonetheless provides evidence to support the Z 43 chromosome as a strong barrier to gene flow in incipient Heliconius butterfly species. 44 45
timareta are geographic replacements of each other and both are broadly sympatric with H. melpomene. Here, both 84 species are reproductively isolated from H. melpomene by a combination of pre-and post-mating isolation (Mérot et 85 al. 2017) . Species integrity does not seem to involve structural variation such as chromosomal inversions (Davey et 86 al. 2017) . Instead, reproductive barriers include strong selection against hybrids, mate choice and post-zygotic 87 incompatibilities ( Figure 1A) . Assortative mating has evolved in both the H. erato and H. melpomene clades (McMillan 88 et al. 1997; Muñoz et al. 2010; Merrill et al. 2014 ). In the H. erato clade, sterility and 89 reciprocal-cross asymmetry of hybrid sterility has been reported in crosses between H. erato and H. e. chestertonii 90 (Muñoz et al. 2010 ), but hybrid sterility is absent between H. erato and H. himera (McMillan et al. 1997 ). In the H. 91 melpomene clade, female sterility (Haldane's rule) and reciprocal-cross asymmetry of hybrid sterility occurs in crosses 92 between H. melpomene and H. cydno (Naisbit et al. 2002) , H. melpomene and H. heurippa (Salazar et al. 2005) and 93 H. melpomene and H. timareta (Sánchez et al. 2015) , as well as between allopatric H. melpomene populations from 94
French Guiana and those from Panama and Colombia (Jiggins, Linares, et al. 2001) . In support of a large-X effect, 95 sterility in these crosses (H. melpomene x H. cydno, H. melpomene x H. heurippa and H. melpomene x H. timareta) 96 was found to be Z-linked. 97
The presence of incipient species pairs with different levels of reproductive isolation allows us to examine the relative 98 rate of autosomal and Z chromosomal evolution and the factors that are likely influencing patterns of divergence. We 99 take advantage of a large genomic dataset composed of 224 whole genomes representing 20 populations of the H. erato 100 clade and 16 populations of the H. melpomene clade. We also use simulations to evaluate the effect that demographic 101 changes have on the estimate of relative rates of divergence on the Z versus the autosomes and demonstrate that in 102 many comparisons demography can explain much of the observed elevated divergence on the Z relative to the 103 autosomes. However, by taking into account geographic distance or autosomal divergence as a proxy for gene flow, 104
we show that there is evidence for increased divergence on the Z chromosome for species pairs with known post-105 zygotic reproductive barriers. These rates of increased divergence likely reflect reduced admixture on the Z 106 chromosome and provide support for the Z chromosome being a greater barrier to gene flow in some incipient 107
Heliconius butterfly species. 108 109 BOX 1. Consequences of hemizygous sex chromosomes 110
Large-X (or Z) effect and what can cause it 111
Sex chromosomes have been repeatedly shown to have a disproportionate role during speciation (Coyne & Orr 2004) , 112 demonstrated by three widespread intrinsic postmating effects (Turelli & Moyle 2007 ; Johnson & Lachance 2012); (i) 113 Haldane's rule, (ii) reciprocal-cross asymmetry of hybrid viability and sterility, and (iii) the large-X effect. Haldane's 114 rule states that where only one sex of the hybrids has reduced viability or fertility, that sex is most commonly the 115 heterogametic sex (Haldane 1922) . Asymmetry of hybrid viability and sterility refers to the situation where reciprocal 116 crosses often differ in their incompatibility phenotype (Turelli & Moyle 2007) . Finally, the large X-effect highlights 117 the disproportionate contribution of the sex chromosomes to the heterogametic and asymmetric hybrid 118 inviability/sterility in backcross families (Coyne & Orr 1989) . 119
Haldane's rule can generally be explained by between-locus 'Bateson-Dobzhansky-Muller incompatibilities' (BDMs) 120 (Dobzhansky 1935; Muller 1942; Orr 1996) , in which divergent alleles at different loci become fixed between 121 populations and cause inappropriate epistatic interactions only when brought together in novel hybrid allele 122 combinations (Coyne & Orr 2004 ). If interacting loci include recessive alleles on the sex chromosome, only the 123 heterogametic sex will suffer incompatibilities (Turelli & Orr 1995) . Additionally, BDMs between autosomal loci and 124 the sex chromosomes can be specific to a particular direction of hybridization due to their uniparental inheritance and, 125 thus, also explain asymmetric reproductive isolation (Turelli & Moyle 2007) . Hence, hemizygous expression of 126 recessive alleles on the sex chromosome has been put forward as a trivial cause for the disproportionate role of the sex 127 chromosomes during speciation (dominance theory) (Turelli & Orr 1995) . 128
In contrast to the dominance theory, there is however a large body of observations and theory that propose alternative 129 or additional explanations that can cause a large-X effect (Wu & Davis 1993; Presgraves 2008 First, different population sizes of males and females can influence the X/A diversity ratio because two-third of the X 151 chromosome population is transmitted through females. A male biased population would thus decrease the X/A 152 diversity ratio below three-quarters, whereas a female biased population would increase the ratio. This effect would be 153 opposite in female heterogametic sex systems (ZW). 154 Second, the hemizygous expression of the sex chromosome could result in both higher purifying selection and more 155 efficient selection of beneficial recessive mutations (~selective sweeps) and result in a decrease of the expected X/A 156 diversity ratio (Charlesworth et al. 1987) . Additionally, differences in recombination rates can lead to different extent 157 of loss of variation through linked selection and thus background selection (Charlesworth 2012 . Such increased mutation rates on the Z chromosome could also increase the rate of divergence between Z 171 chromosomes (Kirkpatrick & Hall 2004) . 172
BOX 2. Measures of divergence depend on population size 173
The mutational diversity in present-day samples is directly related to population size, structure and age. This diversity 174 within populations directly impacts the rate of coalesce between populations ( Figure B 1) . This relationship can be 175 seen with FST, which was developed to measure the normalized difference in allele frequencies between populations 176 (Wright 1931) . The dependence of FST on population size can be understood by interpreting FST as the rate of 177 coalescence within populations compared to the overall coalescence rate (Slatkin & Voelm 1991) . Comparing pairs of 178 populations with different effective population sizes will therefore show distinct FST estimates even when the split time 179
is the same (Charlesworth 1998) . Absolute divergence dXY is the average number of pairwise differences between 180 sequences sampled from two populations (Nei & Li 1979) . dXY is not influenced by changes to within population 181 diversity that occur after the split, but does depend on diversity that was present at the time the populations split 182 (Gillespie & Langley 1979) . Therefore, population pairs that had a smaller population size at the time they split will, 183 consequently, have smaller dXY estimates. To compare pairs of populations that had different ancestral population sizes, 184
da has been proposed, which subtracts an estimate of the diversity in the ancestral population from the absolute 185 divergence measure dXY (Nei & Li 1979 ). An approximation of ancestral diversity can be obtained by taking the average 186 of the nucleotide diversity observed in the two present day populations. Such a correction should result in the 'net' 187 nucleotide differences that have accumulated since the time of split. 188 Population size affects the nucleotide diversity within each population (π), the total nucleotide diversity (πT) and 194 absolute divergence dXY, but not da as indicated by the vertical colored lines. For da, πS is used as the estimate of πanc. 195
The influence of population size on FST can be seen as resulting from a decrease in the denominator (πT), but not in the 196 numerator (πT and πs change proportionately). 197 198
To show how these different divergence measures perform, we simulated a simplified population split with varying 199 degrees of migration (m) ( Figure B were performed for two populations that split 4 million generations ago and vary in their degree of migration (m). A 207 lower effective population size, such as for the X chromosome (green) compared to autosomes (gray), results in higher 208
FST and lower dXY estimates, but has no effect on da under these assumptions. 209
Results and discussion 210
Population structure in Heliconius erato and Heliconius melpomene 211
We mapped a total of 109 Heliconius erato clade resequenced genomes to the Heliconius erato v1 reference genome 212 between H. m. nanna and the other populations dominates the signal (see Figure S1 ). 246
Z chromosome divergence in Heliconius erato and Heliconius melpomene 247
To compare rates of divergence between the Z chromosome and autosomes, we calculated three measures that are 248 commonly used to compare divergence between populations, FST, dXY and da, between incipient species and population 249 pairs of H. erato and H. melpomene (Figure 2 and Figure S2 -4). All three measures of sequence divergence are 250 calculated from mutational diversity in the data, but they are each dependent on population size in different ways (BOX 251 2). In Heliconius, FST has been frequently used to identify regions in the genome under strong divergent selection 252 Figure S2 ). However, FST is influenced by effective population sizes (BOX 2). It is therefore problematic 257 to obtain insights about selection or migration when comparing genomic regions with different effective population 258 sizes, such as the Z chromosome and autosomes. Given equal numbers of breeding males and females, the Z 259 chromosome is expected to have an effective population size three-quarters that of the autosomes. Smaller population 260 size and the resulting lower nucleotide diversity on the Z chromosome may, therefore, partly explain inflated FST 261 estimates on the Z chromosome. 262
In contrast, the dXY values on the Z chromosome tend to be similar to or slightly lower than the average values on the 263 autosomes in most species comparisons of the H. erato and H. melpomene clade (Figure 2 and Figure S3 ). Under 264 equilibrium conditions, dXY on the Z chromosome is expected to be three-quarters that of the autosomes at the time of 265 the split. As time progresses and differences between populations accumulate, the proportion of the coalescent that is 266 effected by the ancestral population size will become smaller and the ratio of dXY on the Z to dXY on the autosomes is 267 expected to move towards one. However, estimating the exact split time is difficult and finding the expected absolute 268 divergence for the Z chromosome compared to the autosomes is complicated . Moreover, in 269 contrast to the expectation that the ratio of dXY will move towards one, dXY on the Z chromosome is higher than on the 270 autosomes for H. e. cyrbia -H. himera and H. e. venus -H. e. chestertonii comparisons ( Figure 2 ). 271
Finally, by subtracting an estimate of diversity in the ancestral population from the absolute divergence measure dXY, 272 known as da (Nei & Li 1979) , we obtain an estimate of nucleotide differences that have accumulated since the time of 273 split (BOX 2). The da estimates show significantly higher divergence on the Z chromosome in the comparisons H. The result is that divergence measures are differentially affected by population size change on the Z chromosome 308 compared to the autosomes. The Z chromosome to autosome (Z/A) diversity ratio will be larger than expected in 309 populations that experienced a recent expansion, and smaller than expected in those that experienced a recent 310 contraction ( Figure 3B ). Therefore, in pairwise comparisons, if population size change occurred in the ancestral 311 population before the two populations split, it would alter the ancestral Z/A diversity ratio and therefore confound 312 comparisons of divergence between Z and autosomes using either relative or absolute measures of divergence, as all 313 are influenced by ancestral diversity (Figure 4) . By contrast if population size change occurred in one or both daughter 314 populations after the split, it would affect the relative measures of divergence FST and da, but not absolute divergence 315 (dXY), which is only dependent on ancestral diversity and not on diversity within each population. All the simulations 316 were run for time scales relevant to Heliconius divergence and, therefore, demonstrate that a return to equilibrium 317 values is unlikely after a population increase during the history of these species. Especially the effect of population 318 size increases on Z/A diversity ratios can be long lasting during the evolutionary history of a population. 319 measures on the sex chromosome (or populations with a smaller size). Note that the effect size of a population size 326 change will depend on the magnitude as well as the timing (see Figure 3 ). Exact expectations, including more complex 327 size changes, can be calculated as demonstrated in Pool & Nielsen (2007) . 328
Demography and its influence on Z/A diversity ratios in Heliconius 329
To explore how population size changes might have affected Z/A diversity ratios and thus Z/A divergence comparisons 330
within Heliconius clades, we used the behavior of Tajima's D as a way to access likely population size changes within 331 species. Tajima's D is a population genetic measure commonly used to detect whether a DNA sequence is evolving 332 neutrally (Tajima 1989 
Sex-linked incompatibilities increase absolute Z/A divergence ratio 402
Despite the difficulties in directly comparing divergence on sex chromosomes and autosomes, it may be possible to 403 detect enhanced barriers to migration on sex chromosomes (i.e. reduced effective migration) by comparing population 404 pairs with different levels of absolute migration due to physical isolation, but that otherwise share the same common 405 history. This can be achieved by comparing pairs of populations from the same two species that differ in their extent 406 of geographic isolation. Indeed, previous analyses of sympatric and allopatric populations of H. melpomene, H. cydno 407 and H. timareta, based on shared derived alleles (i.e. the ABBA-BABA test), found evidence of extensive gene flow 408 between the species in sympatry, but with a strong reduction on the Z chromosome ). Here we 409 instead use our broad sampling scheme to investigate how patterns of sequence divergence differ with differing levels 410 of geographic separation, and ask whether this signal can detect reduced effective migration on the Z chromosome. 411
Simulations show that if distance is considered a proxy for migration, reduced rates of admixture on the Z chromosome 412 may become apparent as increased absolute Z/A divergence (dXY(Z)/dXY(A)) ratios over short distances, with the ratio 413 decreasing between pairs that are geographically more isolated (Figure 7) . As the effective rate of migration is reduced 414 on the Z chromosome relative to autosomes, the dXY(Z)/dXY(A) ratio increases, and this increase is most pronounced 415 when overall migration rates are high. This relation can be explained by the absolute difference in effective migration 416 on the Z chromosome compared to the autosomes becoming smaller as overall migration decreases. While overall 417 dXY(Z)/dXY(A) ratios may be influenced by ancestral population size changes, the trend should be independent from 418 population size changes. Our widespread sampling of both clades therefore allowed us to test for reduced effective 419 migration on the Z chromosome. 420
Among H. erato and H. melpomene clade populations, absolute divergence generally increases with increased distance 421 between population pairs (Figure 7) . This trend is strongest for population comparisons that are less obstructed by 422 geographic barriers, such as among H. erato (mantel test: R 2 = 0.18; p = 0.012) and H. melpomene (excluding 423 Colombia; mantel test: R 2 = 0.95; p = 0.001) populations from east of the Andes. As expected, the correlation between 424 distance and absolute divergence is reduced by geographical barriers, such as when comparing H. erato (mantel test: 425 R 2 = 0.15; p = 0.019) and H. melpomene (mantel test: R 2 = 0.55; p = 0.001) populations from Panama, east of the Andes 426 and west of the Andes. We also observed a significant trend of increased absolute divergence with distance between 427 populations of H. erato and H. e. chestertonii (mantel test: R 2 = 0.44; p = 0.001), H. melpomene and H. cydno (mantel 428 test: R 2 = 0.69; p = 0.001) and H. melpomene and H. timareta (mantel test: R 2 = 0.56; p = 0.001). This is consistent 429 with gene flow among these species pairs where they are in contact. In contrast, no significant trend between absolute 430 divergence and distance was observed between H. erato and H. himera and H. cydno and H. timareta, suggesting that 431 these species pairs may be more strongly isolated. 432
We next examined the dXY(Z)/dXY(A) ratios and its relationship to geographic distance. If rates of admixture between 433 populations are similar on the Z chromosome compared to the autosomes, we would not expect any relation between 434 distance and dXY(Z)/dXY(A) ratios. In contrast, we observed increased dXY(Z)/dXY(A) ratios among geographically more 435 closely located population pairs for H. melpomene -H. timareta (mantel test: R 2 = 0.25; p = 0.004) and H. melpomene 436 -H. cydno (mantel test: R 2 = 0.35; p = 0.001) comparisons (Figure 7) . Similarly, a tendency for increased dXY(Z)/dXY(A) 437 ratios between H. erato and H. e. chestertonii was observed among the geographically closest comparisons, although, 438 this was not significant (mantel test: R 2 = 0.26; p = 0.06). Finding this trend, however, can be obscured by geographic 439 barriers that would reduce the relation between distance and admixture. We also carried out a similar comparison using absolute divergence on the autosomes, which might reflect a more 454 direct relationship with migration. Using the absolute divergence on the autosomes as a proxy for gene flow, we also 455 find a pattern of increased Z/A divergence ratios for species pairs with known post-zygotic reproductive barriers 456 ( Figure 8 ). Z/A divergence ratios are significantly higher between population pairs with lower divergence values on 457 the autosomes in H. melpomene -H. timareta (mantel test: R 2 = 0.70; p = 0.001), H. melpomene -H. cydno (mantel 458 test: R 2 = 0.64; p = 0.001) and H. erato -H. e. chestertonii (mantel test: R 2 = 0.51; p = 0.007) comparisons, but not in 459 
Alternative factors affecting Z/A diversity ratios in Heliconius 475
Factors other than population size change could result in deviations from the expected Z/A diversity ratio (BOX1). In 476
Heliconius, there is no empirical data on sex-biased mutation rates. While higher mutation rates on the Z could explain 477 increased Z/A diversity ratios and increased rates of divergence (Kirkpatrick & Hall 2004; Vicoso & Charlesworth 478 2006; Sayres & Makova 2011), it is unlikely that closely related populations would differ in their mutation rate and 479 that this could explain the observed variation in Z/A diversity ratios among the Heliconius populations. Alternatively, 480
in Heliconius male-biased sex ratios have been reported in the field, which could result in increased Z/A diversity 481 ratios. However, it has been argued that these male-biased sex ratios are most likely explained by differences in 482 behavior resulting in male-biased captures rather than effective sex ratio differences (Jiggins 2017) . Nonetheless, a 483
Heliconius characteristic that could potentially amplify sex-ratio biases is that H. erato and H. melpomene clade 484 populations are characterized by contrasting pupal-mating and adult-mating strategies, respectively (Gilbert 1976; 485 Beltrán et al. 2007 ). Pupal-maters are largely monandrous (females mate only once), whereas adult-maters are 486 polyandrous ). Such differences in mating system could potentially result in increased variance of 487 male reproductive success and decreased Z/A diversity ratios for monandrous mating systems (Charlesworth 2001) . 488
However, the frequency of remating in polyandrous Heliconius species is estimated to be only 25-30 % higher than in 489 monandrous species ) and we did not find any clear difference in Z/A diversity ratios between the 490 pupal-mating H. erato and adult-mating H. melpomene clade populations ( Figure 6) . Moreover, the pattern of increased 491 Z/A divergence that results from reduced admixture on the Z in population comparisons of geographically closely 492 located Heliconius species should not be affected by sex ratio or mutation biases. Overall, in Heliconius, the observed 493 variation in Z/A diversity ratios are thus likely mostly shaped by demographic changes. 494
495
Consequences for other study systems 496
Similar to Heliconius, extensive genomic sampling is available for a number of other natural systems that have recently 497 diverged, particularly for birds that also have ZW sex chromosomes, such as flycatchers (Ellegren et al. 2012 ), crows 498 (Poelstra et al. 2014 ) and Darwin's finches (Lamichhaney et al. 2015) . In these systems, increased coalescence rates 499 (~lineage sorting) on the Z and/or W chromosome have been accredited to the smaller effective population sizes of the 500 sex chromosome. However, it remains unclear whether elevated measures of divergence could indicate elevated rates 501 of between species divergence on the sex chromosomes, resulting from increased mutation or reduced admixture. 502
In the adaptive radiation of Darwin's finches, there is no evidence for Haldane's rule, nor for reduced viability of 503 hybrids due to post-mating incompatibilities (Grant & Grant 1992 ) and the maintenance of isolating barriers might 504 best be explained as resulting from ecological selection and assortative mating (Grant & Grant 2008) . In crows, the 505 divergence between hooded and carrion crows seems to be solely associated with color-mediated assortative mating 506 even in the apparent absence of ecological selection (Randler 2007; Poelstra et al. 2014) . Moreover, populations of 507 both Darwin's finches and crows can be characterized by distinct demographic histories (Lamichhaney et al. 2015; 508 Vijay et al. 2016) . Therefore, in these species, deviations in divergence measures from neutral expectation on the Z 509 chromosome are potentially also explained by demography. In the divergence of pied and collared flycatchers, species 510 recognition and species-specific male plumage traits are Z-linked (Saether et al. 2007 ) and female hybrids are 511 completely sterile compared to only low levels of reduced fertility in males (Veen et al. 2001) . In agreement with the 512 large X-effect and disjunct rates of admixture between the sex chromosomes and autosomes, genome scans have found 513 signals of increased relative divergence on the Z and W chromosomes (Ellegren et al. 2012; Smeds et al. 2015) . The 514 demographic history of these populations is characterized by a severe decrease in population size since their divergence 515 (Nadachowska-Brzyska et al. 2013), which would influence the relative measures of divergence that have been used. 516
Especially for the W chromosome, the reported excessive decrease of diversity and the high values of relative 517 divergence can thus likely be partly explained by demography (Smeds et al. 2015) . However, the excess of rare alleles 518 (~negative Tajima's D) on the W chromosome does contrast with these inferred demographic histories and provides 519 support that the reduced diversity and increased FST measures result from selection (Smeds et al. 2015) . 520 521
Conclusion 522
The disproportionate role of sex chromosomes during speciation has been well documented based on genetic analysis, 523 however, it is less clear how this influences patterns of divergence in natural populations. In Heliconius, we find much 524 of the observed increased absolute divergence on the Z chromosome relative to neutral expectation can be explained 525 by population size changes. This cautions against highlighting increased sex chromosome divergence as evidence for 526 a disproportionate role in species incompatibilities or as evidence for faster X evolution. It is clear that although relative 527 measures of divergence are most prone to demographic changes, absolute divergence measures can also be strongly 528 influenced by population size changes. Contrary to what has been claimed, absolute measures do not therefore provide 529 a solution to the problems inherent in using relative measures to compare patterns of divergence across genomes 530 (Cruickshank & Hahn 2014) . Despite these difficulties, we do find patterns consistent with decreased effective 531 migration on the Z for species pairs with known post-zygotic reproductive barriers, in agreement with hybrid sterility 532 and inviability being linked to the Z chromosome in these cases (Jiggins, Linares, et al. 2001; Naisbit et al. 2002; 533 Salazar et al. 2005; Sánchez et al. 2015) . Successfully disentangling the influence of a large-X effect and faster-X 534 evolution on relative rates of divergence will require modeling of the demographic history of each population, 535
including changes that may have occurred before the split of the populations. Such modelling would allow us to better 536 contrast (i) expected within population Z/A diversity ratios with hypotheses of increased mutation rates, selective 537 sweeps, background selection and mating system and (ii) expected between population Z/A divergence ratios with 538 hypotheses of increased mutation rates or adaptive divergence on the Z chromosome. Additionally, our strategy of 539 contrasting dXY(Z)/dXY(A) ratios with geographic distance provides opportunities for testing reduced admixture between 540 sex chromosomes in systems for which tree-based approaches and/or crossing experiments are unfeasible. 541
Materials & Methods 542
Sampling 543
We used whole genome resequenced data of a total of 109 butterflies belonging to the Heliconius erato clade and 115 544 from the Heliconius melpomene clade (Figure 1 ; Tables S1 and S2 were jointly genotyped using GATK's genotypeGVCFs. Genotype calls were only considered in downstream analysis 568 if they had a minimum depth (DP) ≥ 10, maximum depth (DP) ≤ 100 (to avoid false SNPs due to mapping in repetitive 569 regions), and for variant calls, a minimum genotype quality (GQ) ≥ 30. 570
Population structure 571
To discern population structure among the sampled H. erato and H. melpomene clade individuals, we performed 572 principal components analysis (PCA) using Eigenstrat SmartPCA (Price et al. 2006) . For this analysis, we only 573 considered autosomal biallelic sites that had coverage in all individuals. 574
575
Population genomic diversity and divergence statistics 576
We first estimated diversity within populations as well as divergence between parapatric and sympatric populations in 577 non-overlapping 50 kb windows along the autosomes and Z chromosome using python scripts and egglib (De Mita & 578 Siol 2012). We only considered windows for which at least 10% of the positions were genotyped for at least 75% of 579 the individuals within each population. For females, haploidi was enforced when calculating divergence and diversity 580 statistics. Sex of individuals was inferred from heterozygosity on the Z. 581 . 591
Between-population sequence divergence dXY was estimated as the average pairwise difference between sequences 592 sampled from two different populations (Nei & Li 1979 Tajima's D was calculated as a measure of deviation from a population evolving neutrally with a constant size (Tajima 598 1989) . 599
To overcome the problem of nonindependence between loci, estimates of the variance in nucleotide diversity (π) and 600 Tajima's D within populations along the genomes were obtained using block-jackknife deletion over 1Mb intervals 601 along the genome (chosen to be much longer than linkage disequilibrium in Heliconius )) (Künsch 602 1989) . 603
To calculate pairwise dXY values between each individual, we subsampled the genomes by only considering genomic 604 sites that were at least 500 bp apart and had coverage for at least one individual in each population. For the H. erato 605 clade dataset, this resulted in a high coverage dataset with 322,082 and 15,382 sites on the autosomes and Z 606 chromosome, respectively. For the H. melpomene clade dataset, this resulted in 335,636 and 18,623 sites on the 607 autosomes and Z chromosome, respectively. Pairwise dXY values between each individual were used to evaluate the 608 relationship between absolute genetic divergence (dXY) and geographic distance using Mantel tests (Mantel 1967) . 609
Mantel tests are commonly used to test for correlations between pairwise distance matrices and were performed using 610 the R package vegan (Oksanen et al. 2016 ). Pairwise distances between populations were calculated from the average 611 of the sample coordinates obtained for each population (Table S3 , S4). 612
613
Simulations 614
To compare patterns in our data to expectations, we simulated genealogies in 50 kb sequence windows under certain 615 evolutionary scenarios. The simulations were performed with a population recombination rate (4Ner) of 0.01 using the 616 coalescent simulator msms (Ewing & Hermisson 2010) . Subsequently, from the simulated genealogies, we simulated 617 50 kb sequences with a mutation rate of 2e-9 a Hasegawa-Kishino-Yano substitution model using seq-gen (Rambaut 618 & Grass 1997) . 619
In a first set of simulations, we considered one population that underwent a single population size change of a 620 magnitude (x) ranging from 0.01 to 100 and at a certain moment backward in time (t). In a second set of simulations, 621 we considered pairs of populations that were connected through migration (m) ranging from 0 to 1e-6 and for which 622 migration was reduced with a factor d on the Z chromosome. To compare changes in the variation on autosomes and 623 the Z chromosome, we simulated the Z chromosome as a separate population for which the effective population size 624 was set to three-quarters that of the autosomal population. 625
To compare populations with a different effective population size (Ne), such as the autosomes and the Z chromosome, 626 we expressed time in generations and migration rates as a proportion of the effective population size. Comparable to 627 the Heliconius sampling, we sampled 5 individuals from each population and ran 300 replicates for each parameter 628 combination. Pseudocode to run the msms command lines are provided in Tables S5. Tajima's D, nucleotide diversity 629 (π) and dXY were calculated from the simulated sequences using python scripts and egglib (De Mita & Siol 2012). 630
